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Abstract 
The objective of this study was to develop the widely useable simulator for optimization of walking form in water. The simulator 
consists of two calculation parts, one for joint torque and another for muscle force. In the simulation, joint angles are set as 
design parameters, and joint torque and muscle force are calculated repeatedly until the objective function becomes the maximum 
value. By using this simulator, the optimal walking form for the training of elderly people was calculated as example. It was 
found that the large fluid forces act on the shank and foot during the swing phase in the obtained optimal form. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Exercises in water such as swimming and walking are recently becoming popular to various people. In particular, 
walking in water is easy to perform without any special practices. In walking in water, the body load due to gravity 
is cancelled by buoyancy, and that due to fluid force exerted on the lower extremities can be effectively controlled 
by changing walking forms. Therefore, walking in water is suitable for not only daily exercise but also rehabilitation 
and sports injury. 
In order to change the body load, various walking forms in water have been proposed to date (1). However, their 
theoretical investigations have not been sufficient. Most of researches about walking in water are from physiological 
aspects (2) (3), not from biomechanical ones. Therefore, it is important to develop a biomechanical simulation tool 
which can analyse the fluid force exerted on the lower extremities and optimize the walking form. The objectives of 
this study were to develop a widely useable simulator for optimization of walking form in water, and to obtain the 
optimal walking form for the training of elderly people as an example of its application. 
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2. Developed simulator 
2.1. Calculation flow 
The calculation flow of the simulator is schematically shown in Fig. 1. The simulator consists of two calculation 
parts, for joint torque and muscle force. The joint angles (hip, knee and ankle) are set as the design parameters of the 
optimization first. Joint angles are divided into ten steps in one cycle. The former six steps correspond to stance 
phase, and the latter four steps swing phase. The joint angles of four steps in swing phase are set as design 
parameters in the optimization. Therefore, the number of design parameters is total twelve (four steps for three 
joints). Next, the joint torques are computed in the calculation part for the joint torque. Then, inputting the joint 
torque, the muscle forces are computed in the calculation part for the muscle force. The objective function for the 
optimization is calculated using the joint torques and the muscle forces. The joint torques and the muscle forces are 
calculated repeatedly until the objective function becomes the maximum value. The Downhill Simplex method is 
employed for the optimization. The details of the calculation parts for the joint torque and muscle force are 
explained in the following sections. 
Fig. 1 Structure of form optimizing simulator 
2.2. Calculation part for joint torque 
This part has been developed based on the swimming human simulation model SWUM (4)(5)(6). The analytical 
model is schematically shown in Fig. 2. In the simulation model, the human body is defined as a link of the rigid 
bodies. The motion of the human model (velocity of the center of the mass for the human model and the joint 
angles) and the ground reaction force (GRF) are input. Then, the inertia force and the gravity exerted on the human 
model are computed by solving the inverse dynamics problem. In addition to these forces, the fluid force exerted on 
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the human model is computed using the fluid force model. As the sum of these forces, the joint torque and the joint 
force are calculated. The fluid force was assumed to be computable using the velocity and the acceleration in the 
each part of the body, and it was formulated using the parameters of the fluid force, which were determined by the 
experiment. The details of the fluid force model are described in the previous paper (4). The inputting data, the 
motion of the human model and GRF were measured in the experiment by Miyoshi, et al (7). Note that the joint 
angles only in the sagittal plane were employed in the calculation, since the walking is mainly performed in the 
sagittal plane. 
Fig. 2 Analytical model of calculation part for joint torque 
2.3. Calculation part for muscle force 
The musculoskeletal model by Yamazaki(8), which is schematically shown in Fig. 3, was employed for the 
calculation of the muscle force. In this model, main eight muscles (GM: gluteus maximus, ILI: iliopsoas, HAM: 
hamstrings, RF: rectus femoris, VM: vastus medialis, SOL: soleus, GAS: gastrocnemius and TA: tibialis anterior) 
were modelled as wires. The muscle forces are obtained by solving the optimization problem, in which the sum of 
squares of the muscle stresses (∑ 2σ in Fig. 1) is minimized. 
Fig. 3 Musculoskeletal model of calculation part for muscle force 
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3. Optimization of walking form in water for training of elderly people Developed simulator 
3.1. Objective function 
In order to clarify the ‘optimal form for the training of elderly people’, the effect of the aging was investigated 
first. The muscle forces of the walking in water in normal form between 20’s and 70’s males were computed using 
the developed simulation model. The body model of 70’s male was based on the available database of body size (9). 
The GRF of 70’s man was calculated by normalizing the GRF of 20’s male as below: 
s
s
s
s
GRF
M
MGRF 20
20
70
70 =   (1) 
( GRF : Ground reaction force, M : Mass of the body model) 
The physiological cross-sectional areas (PCSA) of 70’s male are shown in Table 1.  These data were determined 
based on the values by Kuno (10), Tanaka et al. (11), Molse et al. (12). and McNeil et al. (13). 
Table 1 Physiological cross-sectional areas of 70’s male normalized by those of 20’s male 
  GM HAM GAS SOL ILI RF VM TA 
70’s/20’s 0.92 0.92 0.84 0.84 0.65 0.78 0.78 0.83 
The computed muscle forces of ILI and TA of 20’s and 70’s males in one cycle are shown in Fig. 4. In Fig. 4, t = 
0 to 0.6 correspond to stance phase, and t =0.6 to 1 swing phase. The muscle forces of 70’s male are considerably 
lower than 20’s male due to the decline of PCSA. This agrees with the result, by Kuno (10) and McNeil et al. (13), that 
the decline of these two muscles may be the reason of falling down. Therefore, the optimal form was defined as the 
form in which these two muscles are actively employed. Based on this definition, the objective function was 
formulated as below: 
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 ( MF : Muscle force, I : ILI, T : TA) 
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Fig. 4 Muscle force of 20’s man and 70’s man 
In the objective function, these two muscle forces were evaluated as muscle stresses by being divided by PCSA. In 
addition to this, the penalty function was employed so that the joint angles and joint torques do not exceed their 
determined maximum values. If the joint angle or torque exceed their maximum values, the excess amount is 
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subtracted from the objective function. The joint range of motion and the maximum voluntary contraction of 20’s 
and 70’s male referred from human characteristics database (14). 
3.2. Results of optimization 
About 600 times iterations were required in order to obtain the solution of the optimization. The calculation time 
was about six hours by a 1.2GHz PC. The forms before and after optimization are shown in Fig. 5. The dark lines 
emitting from each part of the body represent the point of applications, directions and magnitudes of the fluid forces. 
It is found that the large fluid forces act on the shank and foot at t = 0.9 after optimization since the thighs are 
moved quickly at these moment. 
The muscle forces of ILI and TA for the right leg after the optimization in one cycle are shown in Fig. 6. They 
become much larger than those in Fig. 4 at t = 0.9. It indicates that they are greatly recruited in the optimal form. 
                                    
                  (i) t = 0.5              (ii) t = 0.6              (iii) t = 0.7              (iv) t = 0.8              (v) t = 0.9 
(a) Before optimization 
                                    
(i) t = 0.5                  (ii) t = 0.6              (iii) t = 0.7              (iv) t = 0.8              (v) t = 0.9 
(b) After optimization 
Fig. 5 Animation images of forms before and after communication 
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Fig. 6 Muscle force of 70’s male for right leg after optimization 
4. Conclusion 
The widely useable simulator for optimization of walking form in water was developed. As an example of its 
application, the optimal form for the training of elderly people to prevent from falling down was obtained by the 
simulator. By the optimal form, ILI and the TA muscles can be selectively trained. In the future, various walking 
forms for various objectives will be clarified by this simulator. 
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